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patients of the J-ACCESS study cohort. To investigate postischemic stunning, all of the patients in the present study were those who had undergone ECG-gated myocardial SPECT both after stress and at rest. Patients who met the following criteria were excluded: only examined by gated myocardial SPECT at rest; examined by dobutamine stressed myocardial SPECT; underwent coronary revascularization including percutaneous coronary intervention (PCI), and/or coronary artery bypass grafting within 3 months after the SPECT study; had acute coronary syndrome or a history of previous myocardial infarction (MI) or coronary artery bypass grafting. The investigators complied with the Declaration of Helsinki, and their Institutional Review Boards approved the study protocol. Written informed consent was given by all participants.
Technetium-99m Tetrofosmin Myocardial Perfusion SPECT
Stress technetium-99m tetrofosmin myocardial perfusion SPECT was performed at each institution and the precise protocol has been described previously. 11 In total, 775 (71%) patients underwent exercise stress myocardial perfusion SPECT and the remaining 314 patients (29%) were examined by pharmacologic stress myocardial perfusion SPECT. These methods were those in routine use at each institution and the administration method to induce stress was not particularly regulated. After the stress, a digital gamma camera equipped with a multipurpose or low-energy high-resolution, parallelhole collimator was rotated over a 180° arc or 360° full scale. The acquisition time was 15-20 min for each patient. SPECT image processing was conducted on a dedicated nuclear medicine computer system using standard filters. No attenuation or scatter correction was used.
The SPECT images were divided into 20 segments and scored visually using a 5-point scoring system: 0 (normal), 1 (slight reduction of uptake), 2 (moderate reduction of uptake), 3 (severe reduction of uptake) or 4 (absence of radioactive uptake) in each participating institution. The total of the scores for all of the segments, during exercise and at rest, was designated as the summed stress score and the summed rest score, respectively. The summed difference score was calculated by subtracting a summed rest score from a summed stress score to assess the overall extent and severity of stressinduced myocardial ischemia. The severity of myocardial perfusion defects was defined into a category of 4 levels using summed scores: normal (score 0-3), mildly (4-8), moderately (9-13) and severely (≥14) abnormal. 11, 13 Quantitative ECG-gated SPECT was analyzed using QGS software (Cedars Sinai Medical Center, Los Angeles, CA, USA). 14 The LV ejection fraction (EF), end-systolic volume (ESV), and end-diastolic volume (EDV) after stress and at rest were calculated at each institution. Sex-specific normal limits for LV volumetric measurements were derived from the J-ACCESS database: 130 ml for LVEDV and 60 ml for LVESV in men, and 90 ml for LVEDV and 40 ml for LVESV in women. 15 Next, ∆ESV (ESV after stress minus ESV at rest), ∆EDV (EDV after stress minus EDV at rest) and ∆EF (EF after stress minus EF at rest) were calculated. Myocardial stunning was defined either as ∆ESV ≥5 ml, ∆EDV ≥5 ml or ∆EF ≤-5%. 8
Cardiac Events
Among the prespecified events of the study protocol, 11 the following cardiac events were regarded as endpoints in this subanalysis: cardiac death, nonfatal MI, severe heart failure requiring hospitalization, and coronary revascularization either by PCI or coronary artery bypass grafting.
Statistical Analysis
Results are expressed as mean values ± SD for continuous variables. Student's unpaired t-test or the Mann-Whitney U-test was used to compare the means of the continuous variables, and categorical variables were analyzed using the chi-square test. The Kaplan-Meier survival curve using the log-rank test was applied to evaluate for the prognostic value by the parameters of perfusion (summed stress score), volume (ESV, EDV), function (LVEF), and myocardial stunning (∆ESV, ∆EDV, ∆EF). The Cox proportional hazards model was used to determine whether the parameters of myocardial stunning were independent predictors for cardiac events. A P-value <0.05 was considered statistically significant.
Results

Patients Characteristics
The clinical features of the 1,089 patients are shown in Table 1 . The clinical indications for stress myocardial SPECT in these patients were screening for CHD (58%), ECG abnormalities (26%), and follow-up study after PCI (16%). Hypertension was observed in 585 patients (54%), diabetes mellitus in 297 (28%), dyslipidemia in 473 (43%), current smoking in 498 (46%), a family history of CHD in 101 (9%), and a history of PCI in 270 (25%). Mean summed stress score, summed rest score, and summed difference score in all of the patients were 5.2±7.1, 4.1±7.3, and 1.1±3.5, respectively. The average LVEF, ESV, EDV at rest measured by gated SPECT were 62±11%, 36±26 ml, and 82±32 ml, respectively, in men, and 72±11%, 19±15 ml, and 62±22 ml, respectively, in women. A small heart, defined as an ESV <20 ml, was observed in 415 patients. Post-stress myocardial stunning, defined either as ∆ESV ≥5 ml, ∆EDV ≥5 ml or ∆EF ≤−5%, was observed in 228 patients (21%), 236 (22%) and 283 (26%), respectively. The average time interval from the stress to image acquisition was 37.7±19.1 min. The occurrence of post-stress myo- Follow up (days) Figure 1 . Kaplan-Meier survival estimates for major cardiac events according to the severity of perfusion defects: summed stress score (SSS). Significant differences among groups can be seen. 
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cardial stunning, as defined above, was similar in patients who had SPECT images acquired <30 min after the stress to those who had the images acquired ≥30 min (39% vs 43%; P=NS).
Outcome During Follow-up
During a 3-year follow-up period, 101 cardiac events (7.6%/ 3 years) occurred: 13 cardiac deaths, 8 nonfatal MIs, 14 severe heart failure requiring hospitalization, 54 PCIs, and 12 coronary artery bypass surgeries. The cardiac event rates during the 3 years were 1.2% for cardiac death, 0.7% for nonfatal MI, 1.3% for heart failure, 5.0% for PCI and 1.1% for coronary artery bypass grafting. Kaplan-Meier survival estimates for major cardiac events consisting of cardiac death, nonfatal MI and heart failure admission, according to stress myocardial perfusion, are shown in Figure 1 . The more severe the defects became, the shorter the survival (P=0.03, log-rank= 9.0). . Kaplan-Meier survival curves for all events according to 3 parameters related to post-ischemic myocardial stunning: ∆ESV <5 ml or ≥5 ml (A), ∆EDV <5 ml or ≥5 ml (B), and ∆EF >−5% or ≤−5% (C).There are significant differences in ∆ESV and ∆EDV. EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume. Table 1 .
Prognostic Value of Myocardial Stunning
Prognostic Value of Myocardial Perfusion and LV Volumetric Parameters for All Events
Kaplan-Meier survival analysis was performed based on the summed stress score, LVEF, ESV and EDV (Figure 2) . The cut-off values for each parameter were derived from the initial J-ACCESS study. 11, 16 The event-free survival rate in patients with a summed stress score <14 was 99% at 1 year, and 93% at 3 years, which was significantly higher than the rate of 95% at 1 year, and 85% at 3 years in those with a summed stress score ≥14 (P=0.003, log-rank=9.1) (Figure 2A) . Among 4 parameters related to gated SPECT at rest, LVEF and ESV were the most important for predicting subsequent cardiac events. The event-free survival rate in patients with an LVEF ≥45% was 97% at 1 year, and 93% at 3 years, which was significantly higher than the 83% at 1 year, and 69% at 3 years observed in those with an LVEF <45% (P<0.0001, log-rank=37.2) (Figure 2B) . Similarly, the event-free survival rate in patients with a normal LVESV was 97% at 1 year, and 93% at 3 years, which was significantly higher than the 89% at 1 year, and 80% at 3 years observed in those with a dilated LVESV (P<0.0001, log-rank=19.4) (Figure 2C ). Among the 3 parameters related to post-ischemic myocardial stunning, ∆ESV and ∆EDV predicted subsequent cardiac events but ∆EF did not (Figure 3) . The event-free survival rate in patients with a ∆ESV <5 ml was 98% at 1 year, and 94% at 3 years, which was significantly higher than the 95% at 1 year, and 88% at 3 years seen in those with a ∆ESV ≥5 ml (P=0.02, log-rank=5.8) (Figure 3A) . Similarly, the eventfree survival rate in patients with a ∆EDV <5 ml was 96% at 1 year, and 93% at 3 years, which was significantly higher than the 95% at 1 year, and 89% at 3 years observed in those with ∆EDV ≥5 ml (P=0.03, log-rank=5.0) (Figure 3B ).
Predictors of All Events
All clinical and scintigraphic parameters (Table 1; Figures 2,  3) were considered potential predictors for the occurrence of subsequent cardiac events during follow-up and were included in the univariate analysis and multivariate analysis by the use of the Cox proportional hazards model. The analysis revealed that the LVEF and history of PCI were the independent predictors of all events ( Table 2) .
Prognostic Value of Myocardial Perfusion and LV Volumetric Parameters for Cardiac Death, Nonfatal MI, and Coronary Revascularization
The statistical analyses of survival were repeated while endpoints were limited to cardiac death, nonfatal MI and coronary revascularization, after excluding heart failure.
Kaplan-Meier survival analysis revealed that LVEF and ESV were the most important to predict subsequent cardiac events among the 4 parameters related to gated SPECT at rest (Figure 4) . The event-free survival rate in patients with an LVEF ≥45% was 97% at 1 year, and 94% at 3 years, which was significantly higher than the 85% at 1 year, and 82% at 3 years observed in those with LVEF <45% (P=0.003, logrank=9.1) (Figure 4B) . Similarly, the event-free survival rate in patients with normal LVESV was 97% at 1 year, and 93% at 3 years, which was significantly higher than the rate of 93% at 1 year, and 88% at 3 years seen in those with abnormally enlarged LVESV (P=0.05, log-rank=3.7) (Figure 4C) .
Among 3 parameters related to post-ischemic myocardial stunning, only ∆EDV predicted subsequent cardiac events 
(SSS) (A), left ventricular ejection fraction (LVEF) (B), end-systolic volume (ESV) (C), and to end-diastolic volume (EDV) (D). There are significant differences in EF and ESV.
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( Figure 5) . The event-free survival rate in patients with ∆EDV <5 ml was 97% at 1 year, and 94% at 3 years, which was significantly higher than the rate of 95% at 1 year, and 90% at 3 years observed in those with ∆EDV ≥5 ml (P=0.02, log-rank=5.4) (Figure 5B) .
Predictors of Cardiac Death, Nonfatal MI and Coronary Revascularization
All clinical and scintigraphic parameters (Table 1; Figures 4,   5 ) were considered potential predictors for the occurrence of cardiac death, nonfatal MI and coronary revascularization during the 3-year follow-up period, and were included in the univariate and multivariate analyses by the use of a Cox proportional hazards model. This analysis revealed that history of PCI, LVEF and ∆EDV were independent predictors of such events ( Table 3 ). Figure 5 . Kaplan-Meier survival curves for cardiac death, nonfatal MI, or coronary revascularization according to 3 parameters related to post-ischemic myocardial stunning: ∆ESV (A), ∆EDV (B), and ∆EF (C). A significant difference was found between patients with ∆EDV <5 ml and those with ∆EDV ≥5 ml. EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume. Tables 1,2 .
Prognostic Value of Myocardial Stunning
Discussion
In a prospective follow-up of 1,089 patients, performed as a subanalysis of the J-ACCESS study, the present study demonstrated that post-stress myocardial stunning during technetium-99m tetrofosmin myocardial SPECT had prognostic value identifying the likelihood of ischemic cardiac events consisting of cardiac death, nonfatal MI, and coronary revascularization. The result that scintigraphic parameters related to post-ischemic myocardial stunning were not regarded as independent predictors for all cardiac events might be influenced by the significant relationship between heart failure admission and reduced LVEF at rest. On the contrary, postischemic stunning may be more related to ischemic events than to heart failure. The ischemic event-free survival rate in patients with a ∆EDV ≥5 ml was 95% at 1 year, and 90% at 3 years, which was significantly lower than the 97% at 1 year, and 94% at 3 years seen in those with a ∆EDV <5 ml (P=0.02, log-rank=5.4) (Figure 5B ). Previous studies reported that post-ischemic stunning, as defined by changes in LVEF, ESV, EDV or LV wall motion, was an important marker for severe and extensive CHD. 8-10,17-21 In this study with a sizable number of over 1,000 patients, the 3-year prognosis was independently predicted by history of PCI, LVEF at rest, and ∆EDV ≥5 ml: a scintigraphic markers of myocardial stunning ( Table 3) . Of note, ∆EDV ≥5 ml was an independent marker for prognosis, independent from history of coronary intervention, the strongest marker for soft cardiac events. 22 Thus, postischemic stunning, as assessed by gated SPECT, is regarded as a unique marker not only for the diagnosis of severe CHD but also for the prediction of ischemic cardiac events. The extent and severity of myocardial perfusion abnormalities as assessed by SPECT have been established as important predictors of prognosis in patients with known or suspected CHD. 23- 25 In addition, non-perfusion parameters such as transient ischemic dilation of the LV and lung uptake of thallium-201 have also been reported as useful in the risk stratification of such patients. 26, 27 In particular, transient ischemic dilation has similarity to post-ischemic stunning because the LV volumetric analysis of 'after stress' and 'at rest' using gated SPECT enables the acquisition of important variables related to the underlying mechanism of transient ischemic dilation, such as systolic LV dysfunction and actual LV dilation in end diastole. 8, 27 With visual analysis of the LV cavity size in 512 patients during dipyridamole sestamibi SPECT, McClellan et al reported that transient LV dilation was associated with nonfatal MI, and fixed dilation was predictive of cardiac death and hospitalization for heart failure. 28 In contrast to transient ischemic dilation, fixed LV dilation is usually associated with reduced LVEF at rest. 29 Thus, results of McClellan et al are consistent with ours because the LVEF at rest was the best single predictor for cardiac events when severe heart failure was included in the events ( Table 2) . Abidov et al evaluated the prognostic value of transient ischemic dilation as assessed by rest thallium-201 and stress technetium-99m sestamibi in 1,601 patients without perfusion defects or LV dilation at rest. 22 They found that a transient ischemic dilation ratio of 1.21 or greater was an independent predictor for cardiac death, MI or coronary revascularization, which is also consistent with our results, in that non-perfusion data comparing 'after stress' and 'at rest' are important to predict ischemic events. The previous studies and the current study underscore the prognostic value of non-perfusion parameters in addition to conventional perfusion analysis in the risk stratification of patients with known or suspected CHD. However, transient ischemic dilation lacks universally accepted quantitative methods or computer software. Different methods with different cut-off points defining an increase in the LV size at stress in comparison to rest images were applied in previous studies. 27,30 By contrast, ECG-gated SPECT is widely available today, and its reproducibility has also been established. 31, 32 Indeed, all of the 117 participating institutions in the J-ACCESS study were equipped with the QGS software, whereas there was no software measuring transient ischemic dilation common to all institutions. Thus, our approach is considered simple and readily applicable in clinical practice. 33 In this subanalysis of the J-ACCESS study, a ∆EDV ≥5 ml after the stress was the most important prognostic parameter of post-ischemic stunning by multivariate analysis, whereas a ∆ESV or ∆EDV ≥5 ml was associated with cardiac events including severe heart failure (Figure 3) . By contrast, a ∆EF ≤−5% was not predictive for cardiac events, which was consistent with the results reported by Lee et al using rest and exercise radionuclide angiography. 34 Sharir et al reported that a post-stress LVESV >70 ml was an independent predictor of coronary events, although the changes in ESV were not evaluated, because of their study protocol using rest thallium-201 and stress technetium-99m sestamibi. 20 Our previous studies revealed that a ∆ESV ≥5 ml after exercise stress and a ∆ESV ≥6 ml after adenosine triphosphate loading were the most important SPECT parameters to detect multivessel CHD. 8, 35 The discrepancy in the parameters selected as the major predictor, may have originated from difference in the study population between the current and previous studies, because 40% female patients were included in the population of the present study whereas only 10-30% patients were women in previous studies. 8, 35 In addition, a small heart was observed in approximately 40% of the patients in the current study, whereas only 20% of the patients had such a heart in previous study. 35 In the initial and subsequent J-ACCESS studies, a summed stress score of ≥14 was associated with poor prognosis. 11, 16 In this subanalysis of the J-ACCESS study, although a similar trend was observed in the univariate analysis (Figure 1) , the prognostic value was not found for summed stress score in the multivariate analysis. In the present study, 75% of the patients were excluded from the initial study not only because of the study protocol but also for accuracy in LV measurements using gated SPECT. Patients with previous MI were excluded because LV volumetric parameters are often difficult to measure in those who have severe perfusion defects. 36 Indeed, the mean summed stress score was 8.7 and 5.2, and SDS was 1.4 and 1.1, respectively, in the initial study, which included patients with previous MI, and the current study, which excluded MI. 11 Furthermore, 23% of the patients had severe abnormal myocardial perfusion in the initial study, but only 12% of the patients had such a severe abnormality in this study. Thus, the patient population of this subanalysis was considered to have lower risk compared with the initial population. Nevertheless, the results of this prospective multicenter study demonstrated that scintigraphic assessment of post-ischemic stunning has incremental prognostic value over conventional SPECT analysis, even in such low-risk patients.
Study Limitations
The present study has several limitations common to any study relying on post-hoc data analysis. Although important clinical and scintigraphic findings as well as outcome data USUI Y et al.
were derived from the J-ACCESS database, 11,12,32 75% of the initial cohort were excluded in this subanalysis because of its design. Therefore, the result that post-stress stunning as assessed by gated SPECT should be regarded as a marker for poor prognosis, particularly for ischemic cardiac events, needs confirmation through a series of large-scale, prospective clinical trials targeting this special topic.
